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Raman scattering studies as functions of temperature, magnetic field, and Gd-substitution are
used to investigate the evolution of magnetic polarons and spin-carrier interactions through the
metal-insulator transition in Eu1−xGdxO. These studies reveal a greater richness of phase behavior
than have been previously observed using transport measurements: a spin-fluctuation-dominated
paramagnetic (PM) phase regime for T>T∗ >TC , a two-phase regime for T<T
∗ in which magnetic
polarons develop and coexist with a remnant of the PM phase, and an inhomogeneous ferromagnetic
phase regime for T<TC .
PACS numbers: 78.30.-j, 71.30.+h, 75.
The remarkable phenomenon of “colossal mag-
netoresistance” (CMR) in perovskite-based oxides
such as La1−xAxMnO3, La2−2xA1+2xMn2O7, and
La1−xAxCoO3 (A=Sr, Ca) has renewed interest in the
general subject of carrier-spin interaction effects in a
much broader class of magnetic semiconductors, includ-
ing ferromagnets such as EuO, EuS, and EuB6, and an-
tiferromagnets like EuTe and EuSe [1]. In addition to
large negative magnetoresistivities near TC , these Eu-
based systems share many intriguing properties with
the higher TC perovskite systems: a metal-insulator
(MI) transition, and an accompanying ferromagnetic-
paramagnetic (FM-PM) phase change, near TC ; elec-
tronic phase-separation tendencies [2, 3]; magnetic-field
induced transitions; etc. Consequently, these binary sys-
tems are particularly simple and well-controlled “labora-
tories” in which to explore carrier-spin interaction effects
and FM cluster (“magnetic polaron”) formation, as well
as the impact of these phenomena on complex magnetic
and electronic phase changes, in a broad class of magnetic
systems [4].
The Eu1−xGdxO system is particularly interesting to
study for several reasons. Conductivity and magnetic
susceptibility measurements have shown that Eu-rich
EuO exhibits a FM-PM phase change below TC ∼ 69K
[5, 6], affording an opportunity to investigate spectro-
scopically the nature of transitions between various com-
plex phases as functions of temperature and magnetic
field. Furthermore, substitution of Gd provides a means
of elevating both TC [7] and the conductivity [5] in a
systematic and controlled manner, enabling one to study
the effects of both TC and disorder on spin-carrier inter-
actions and magnetic polaron formation.
In this Letter, we present an inelastic light (Raman)
scattering study of spin-carrier interactions and magnetic
polaron formation in the Eu1−xGdxO system as functions
of temperature, magnetic field, and Gd substitution. Ra-
man scattering is a particularly effective technique for
studying spin-carrier interactions in magnetic systems, as
it affords a unique means of simultaneously investigating
both the carrier dynamics and spin excitations in various
phases of these materials [8, 9]. More particularly, spin-
flip (SF) Raman scattering provides a sensitive and direct
means by which magnetic polarons can be detected and
studied in different phases of magnetic semiconductors
[8, 9, 10, 11, 12, 13]. For example, the Raman scattering
study presented here demonstrates that the phase be-
havior in Eu1−xGdxO is much richer near TC than has
been previously evident from transport measurements:
it consists of a high-temperature PM regime in which
electronic scattering is dominated by spin fluctuations,
a “cluster formation” temperature regime (T<T∗) in
which magnetic polarons develop and coexist with PM
regions, and finally an inhomogeneous FM metal regime
(T<TC). The results of this study further suggest that
both the stability and exchange energy associated with
the magnetic polarons are enhanced by Gd-substitution
and by the application of a magnetic field.
Raman scattering measurements were performed
with Eu1−xGdxO samples (x= 0.006:TC ∼ 70K;
x= 0.035:TC ∼ 115K) mounted inside a variable-
temperature, continuous helium-flow cryostat, which
allowed Raman studies at temperatures ranging from
4K to 350K, and in magnetic fields up to 8T. Samples
were excited in a true-backscattering geometry using
the 647.1 nm excitation wavelength of a Kr-ion laser.
For H=0 measurements, linearly polarized light was
employed in z(xx)z¯ and z(xy)z¯ configurations, where
x‖[1,0,0], y‖[0,1,0], and z‖[0,0,1]. In the notation
z(xy)z¯, z and z¯ represent the wavevector directions of
the incident and scattered light, respectively, and (x, y)
represents the polarization directions of the incident
2FIG. 1: Raman scattering spectra as a function of temper-
ature for Eu1−xGdxO samples with (a) x= 0.006 and (b)
x= 0.035. A dashed line in (b) indicates a fitting result using
Eq. 1 for the Raman spectrum at 185K. The extended por-
tion of the fitting curve toward 0 cm−1 is a guide for the eye.
(c) SF Raman response (bottom gray curve), which has been
fit with a Gaussian profile (dark solid line), after removing
collision-dominated contribution (dashed line) from the raw
T=95K spectrum (top curve).
and scattered light, respectively. For magnetic field
dependent measurements, circularly polarized light
was employed in a z(LR)z¯ configuration, where L and
R represent left and right circularly polarized light,
respectively. The crystallographic axes of each sample
were identified by Laue x-ray diffraction, and the Curie
temperatures of the samples were determined with mag-
netic susceptibility measurements using SQUID-based
magnetometers.
Conductivity measurements of EuO [5, 6] can distin-
guish two distinct temperature regimes in this system:
a regime above TC (∼ 69K) in which the resistivity ex-
hibits activated behavior and a large negative magne-
toresistivity, and a regime below TC in which the con-
ductivity increases by roughly 13 orders-of-magnitude as
the system transitions into the FM metal phase. By
contrast, as shown in Figs. 1 (a) and (b), Raman scat-
tering measurements are able to resolve additional rich-
ness in the phase behavior of this system, revealing
distinct spectroscopic signatures associated with three
different phase regimes as a function of temperature:
(i) a high temperature “spin-fluctuation-dominated” PM
regime for TC <T<Tsf , where Tsf is the temperature
below which carrier scattering is dominated by spin fluc-
tuations, (ii) a “magnetic polaron” regime in which mag-
netic polarons develop below a formation temperature T∗
(TC <T
∗<Tsf ), and (iii) an inhomogeneous FM regime
for T<TC in which a FM metal component coexists with
a diminishing density of magnetic polarons. Below, we
consider each of these phase regimes, and the transitions
between them, in greater detail.
The high temperature PM phase is characterized in
the Raman spectrum by a collision-dominated electronic
scattering response [8, 9, 14],
S(ω) ∝ (1 + n(ω))Imχ(ω) = (1 + n(ω))
|γL|
2ωΓL
ω2 + Γ2L
, (1)
where 1 + n(ω) is the Bose thermal factor, L is the
scattering channel selected by a particular scattering ge-
ometry, γL is the Raman scattering vertex in channel
L, and ΓL is the electronic scattering rate in channel
L. Fig. 1 (b) illustrates that the collision-dominated re-
sponse in Eq. 1 indeed provides an excellent fit (dashed
line) to the Raman spectra in the PM phase. In con-
ventional semiconductors, the scattering rate is typically
associated with impurity scattering due to extrinsic de-
fects or vacancies [15]. However, in magnetic semicon-
ductors such as EuO and EuB6, for temperatures suffi-
ciently close to TC , electronic scattering is dominated by
short-range spin fluctuations. Consequently, we find in
this regime that the scattering rate scales according to
Γ∼χ(T )T [9], where χ(T ) is the temperature-dependent
magnetic susceptibility, and we also find that the in-
tensity of the collision-dominated scattering response
increases substantially with decreasing temperature to-
wards TC . Significantly, the resistivity of Eu1−xGdxO
[16] exhibits activated behavior between room tempera-
ture and TC , which also suggests the dominance of “criti-
cal” electronic scattering from spin fluctuations through-
out this temperature regime. However, the Raman re-
sults in Fig. 1 (a) and (b) reveal additional complexity in
the H=0 phase behavior of Eu1−xGdxO above TC : be-
low a temperature T∗ (>TC), there is a striking change
in the Raman response, from a collision-dominated low
frequency response to an inelastic response with a clear
Gaussian profile. Significantly, this inelastic response de-
velops in the (x, y) and (x+y, x-y) [i.e., Ei⊥Es] scattering
geometries, but not in the (x, x ) [i.e., Ei ‖Es] scattering
geometry, and hence has the transformation properties of
the totally antisymmetric Raman tensor. Numerous pre-
vious investigations in both dilute and dense magnetic
semiconductors have identified this distinctive response
as H=0 SF Raman scattering associated with the de-
velopment of magnetic polarons [8, 9, 10, 11, 12, 13].
Hence, the development of this Raman response in the
Eu1−xGdxO system betrays a distinct regime above TC
in which local FM clusters nucleate prior to the devel-
opment of the FM ground state. As a function of de-
creasing temperature below TC , the H=0 SF Raman
3FIG. 2: Spectrally integrated intensity changes as a func-
tion of temperature both for collision-dominated scattering
response and for magnetic polaron response in Eu1−xGdxO
with (a) x=0.006 and (b) x= 0.035. Horizontal bars in (b)
denote temperature ranges in which magnetic polarons form
in EuO and EuB6 for a comparison purpose. The inset in (a)
shows polaron peak energy changes as a function of tempera-
ture for x= 0.006 and 0.035.
response gradually decreases in intensity as the system
transitions into the FM metal phase, reflecting the grad-
ual dissolution of localized magnetic polarons with in-
creasing spin order in the FM phase as the localization
length for the magnetic polarons diverges. Below 50K,
the Raman intensity associated with magnetic polarons
decreases rapidly due to the saturation of spins.
Figures 1 and 2 reveal several important features of
magnetic polaron evolution in Eu1−xGdxO. First, the
H=0 SF Raman energy increases systematically with de-
creasing temperature, indicative of magnetic polarons in
a spin-aligned “cooperative” regime, in which the spins of
the carriers and magnetic ions are cooperatively aligned
in the FM clusters [10, 11, 17]. Second, careful fits to the
spectra, illustrated in Fig. 1 (c) and summarized in Fig. 2,
demonstrate that the magnetic polaron regime is charac-
terized by the coexistence of H=0 SF (inelastic Gaus-
sian) and collision-dominated electronic (Eq. 1) scatter-
ing responses, providing strong evidence that this is a
“two-phase” regime in which FM clusters coexist with
some remnant of the PM phase. This behavior is summa-
rized for both x= 0.006 and x=0.035 samples in Fig. 2,
which compares the integrated intensities of both the
H=0 SF (filled symbols) and collision-dominated scat-
tering (open symbols) responses as a function of temper-
ature. Finally, note that the polarons in Eu1−xGdxO
are stable over a temperature range that is ∼5–10 times
higher than in EuB6 [8, 9]. Furthermore, both T
∗ and
the temperature range over which polarons are stable in-
crease with increasing Gd-concentration. These results
provide direct evidence that increased spin-disorder sta-
FIG. 3: (a) Magnetic field dependent Raman scattering at
115K. Note that in a z(LR)z¯ scattering configuration, the
collision-dominated scattering response prevails in spectra
when H< 1T, that makes unable to identify more detail on
the SF Raman response. (b) Spectrally integrated intensity
profile of the SF Raman response as functions of magnetic
field and temperature. Data points observed at the same field
(temperature) are connected by the solid (dotted) lines.
bilizes magnetic polarons in the CMR-type systems.
It is of great interest to examine the effects of an exter-
nally applied field on the low frequency excitation spec-
tra near TC in Eu-based compounds, and more partic-
ularly on the magnetic polarons in these systems. The
field dependence of the Raman spectrum is illustrated for
T=115K in Fig. 3 (a), which shows the evolution of a
SF Raman response with increasing magnetic field. The
integrated intensity of the SF Raman response is sum-
marized as functions of both the temperature and mag-
netic field in Fig. 3 (b). Figures 3 (a) and (b) show two
particularly interesting effects of the magnetic field on
the SF Raman spectrum in Eu0.965Gd0.035O. First, both
the integrated intensity and the energy of the SF Ra-
man response increase with increasing field, suggesting
that there is a corresponding increase in the effective
d-f exchange energy within the magnetic cluster. Sec-
ond, the collision-dominated electronic response dimin-
ishes with increasing field, reflecting the decrease of spin-
fluctuations at high fields. The SF Raman intensity “sur-
face” shown in Fig. 3 (b) also reveals several features: (a)
in the PM phase, increasing the magnetic field from H=0
(i.e., from point A to B at T=185K) results in the de-
velopment and linear increase in the SF Raman intensity,
suggesting that a magnetic field stabilizes the formation
of magnetic polarons at high temperature, presumably
by both increasing the magnetic susceptibility at these
4FIG. 4: SF Raman peak energy changes as a function of ap-
plied magnetic field at various temperatures for Eu1−xGdxO
with x= 0.006 (stars) 0.035 (squares and circles). The inset
shows effective g-value obtained from linear fits in the field
range of 1≤H≤ 8T.
temperatures and reducing thermal fluctuations; and (b)
increasing the magnetic field from H=0 well below TC
(e.g., from point C to D at T=55K) causes the SF Ra-
man intensity to increase initially at lower fields, then
decrease for higher fields, suggesting that the system is
close to the FM phase regime in which the polarons be-
come ionized at these high fields and low temperatures.
This trend is similar to that observed in EuB6 at high
fields [8, 9].
In order to examine more quantitatively the effects of a
magnetic field on the magnetic polarons in Eu1−xGdxO,
we plot in Fig. 4 the SF Raman energy as a function
of field at several temperatures, and for both 0.6% Gd-
(stars) and 3.5% Gd- (squares and circles) substituted
EuO. To simplify the interpretation of these data, we
consider only field-dependent data at those temperatures
for which there is an H=0 SF Raman response, i.e.,
for which there are magnetic polarons present even at
H=0. The summary in Fig. 4 illustrates several inter-
esting points. First, there is an abrupt jump in the SF
Raman peak energy between 0–1 Tesla, followed by a lin-
ear increase in the SF energy with increasing magnetic
field. As the SF Raman energy is given by h¯ω0∝Jdf 〈M〉,
the increase with increasing field reflects an enhance-
ment in the exchange energy associated with the po-
larons due to increased polarization of the spins. The
origin of the abrupt jump with small applied field is not
clear, but it is worth noting that the individual moments
of the spontaneously-formed magnetic polarons are ran-
domly oriented at H=0, but are expected to become
rapidly aligned upon application of a field [4]. Hence,
the abrupt jump in the SF Raman energy appears to
reflect an enhancement in the effective field experienced
by localized charges when the magnetic polarons become
mutually-aligned with the application of a field. Second,
Fig. 4 illustrates that the SF Raman energy increases
both with decreasing temperature and with increasing
Gd concentration, again presumably reflecting the larger
effective magnetization associated with the polarons (i.e.,
larger polaron sizes) under these conditions [4, 18]. Us-
ing the slope obtained from the linear-in-field “high-field”
regime (1≤H≤ 8T), we can estimate an effective g-value
(geff ∼∆E/µB∆H) of ∼ 6 for 0.6% and 3.5% (Eu,Gd)O
at T∼TC . By contrast, the much less disordered system
EuB6 has geff ∼ 17 for T∼TC , suggesting that the po-
laron size in (Eu,Gd)O may be fundamentally much more
limited by intrinsic spin disorder than in EuB6. Indeed,
the PM semimetal to FM metal transition in EuB6 ap-
pears to occur via a continuous evolution — and eventual
percolation — of the magnetic polarons [8, 9], whereas
the polaronic SF Raman response in (Eu,Gd)O simply
appears to dissipate into the FM phase (see Fig. 3 (b))
with decreasing temperature.
In summary, Raman scattering studies reveal direct ev-
idence for diverse phase behavior in Eu1−xGdxO, most
notably a coexistence regime involving magnetic polarons
and PM phase regions in the vicinity of TC . This regime
is found to be stabilized both by increasing magnetic
field and the substitution of magnetic impurities. These
results demonstrate, most significantly, that electronic
inhomogeneity and cluster formation are not unique to
complex, perovskite-related oxides [4], but occur rather
generally even in structurally simple (binary) systems
that exhibit a similar strong competition between car-
rier kinetic and magnetic interaction energies.
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